We recently reported the positional cloning of a candidate gene for hereditary hemochromatosis called HFE. The gene product, a member of the major histocompatibility complex class I-like family, was found to have a mutation, Cys-282 3 Tyr (C282Y), in 85% of patient chromosomes. This mutation eliminates the ability of HFE to associate with ␤ 2 -microglobulin (␤ 2 m) and prevents cellsurface expression. A second mutation that has no effect on ␤ 2 m association, H63D, was found in eight out of nine patients heterozygous for the C282Y mutant. In this report, we demonstrate in cultured 293 cells overexpressing wild-type or mutant HFE proteins that both the wild-type and H63D HFE proteins form stable complexes with the transferrin receptor (TfR). The C282Y mutation nearly completely prevents the association of the mutant HFE protein with the TfR. Studies on cell-associated transferrin at 37°C suggest that the overexpressed wild-type HFE protein decreases the affinity of the TfR for transferrin. The overexpressed H63D protein does not have this effect, providing the first direct evidence for a functional consequence of the H63D mutation. Addition of soluble wild-type HFE͞␤ 2 m heterodimers to cultured cells also decreased the apparent affinity of the TfR for its ligand under steady-state conditions, both in 293 cells and in HeLa cells. Furthermore, at 4°C, the added soluble complex of HFE͞␤ 2 m inhibited binding of transferrin to HeLa cell TfR in a concentration-dependent manner. Scatchard plots of these data indicate that the added heterodimer substantially reduced the affinity of TfR for transferrin. These results establish a molecular link between HFE and a key protein involved in iron transport, the TfR, and raise the possibility that alterations in this regulatory mechanism may play a role in the pathogenesis of hereditary hemochromatosis.
Hereditary hemochromatosis (HH) is an autosomal recessive disorder of iron metabolism and represents one of the most common inherited disorders in individuals of Northern European descent with an estimated carrier frequency between 1 in 8 and 1 in 10 (1-3). In patients with HH, excessive iron deposition in a variety of organs leads to multiorgan dysfunction (4, 5) . Recently, we reported a mutation in a major histocompatibility complex (MHC) class I-like gene, initially called HLA-H (6) and now renamed HFE. Eighty-three percent of HH patient DNAs were found to be homozygous for this mutation, which consists of a single base transition of G to A and results in a change of Cys-282 3 Tyr (C282Y).
Subsequent reports have confirmed the high frequency of this founder mutation in other HH patients (7) (8) (9) .
The HFE protein is similar to MHC class I family molecules. All four of the invariant cysteine residues that form disulfide bridges in the ␣2 and ␣3 domains of MHC class I protein are present in HFE. One of these conserved cysteine residues is altered by the C282Y mutation. Coimmunoprecipitation studies of cell lysates from human embryonic kidney cells transfected with wild-type or mutant HFE cDNA, demonstrate that wild-type HFE binds ␤ 2 -microglobulin and that the C282Y mutation, completely abrogates this interaction (10, 11) . Immunof luorescence and subcellular fractionations demonstrated that wild-type HFE is localized mainly on the cell surface whereas, the C282Y mutant protein is primarily intracellular (10, 11) .
A second missense mutation, His-63 3 Asp (H63D) has been reported to be enriched in hemochromatosis patients who are heterozygous for the C282Y mutation (6, 9) . The functional consequence of this mutation has remained unclear. Recent studies demonstrated that the H63D mutation does not alter either the interaction with ␤ 2 -microglobulin or the surface expression of the protein (10) . By analogy to MHC class I structure, this mutation is located on the loop between the third and fourth ␤ strands of the peptide-binding domain (12) and has been hypothesized to alter the manner in which HFE interacts with associating proteins or ligands (6) .
The precise mechanism by which a MHC class I-like protein can influence iron homeostasis has remained obscure. To investigate this we utilized cell-surface labeling to detect potential HFE interacting proteins. We show that the HFE protein normally forms a stable complex with the transferrin receptor (TfR), the molecule responsible for receptormediated endocytosis of iron-bound transferrin (13) (14) (15) . The consequence of this interaction is that the receptor exhibits a lower affinity for transferrin. The C282Y mutant protein forms only a trace amount of this complex, allowing high affinity transferrin binding to the uncomplexed TfR. By contrast, steady-state measurements suggested that the H63D mutant protein that does associate with the TfR has little influence on the apparent affinity of the TfR for transferrin. Taken together, these results provide a molecular link between HFE and iron metabolism and suggest how the major mutations may contribute to HH. epitope-tagged HFE protein have been previously described (10) . Briefly, various HFE constructs cloned in pCDNA3.1 (Invitrogen) were introduced in 293 cells with LipofectAMINE (GIBCO) and clones isolated by selecting with 800 g͞ml of G418 (GIBCO). For surface biotinylations, cells (4 ϫ 10 6 ) were seeded into 100-mm dishes and grown overnight to 80% confluency. The plates were moved to 4°C and gently washed four times with PBS. Sulfo-N-hydroxysuccinimide-LC biotin (Pierce) was added in PBS to a final concentration of 500 g͞ml and incubated on ice for 30 min. The biotin reagent was removed and the plates washed four times with PBS containing 50 mM glycine. Cells were lysed in 500 l of 25 mM Tris⅐HCl, pH 7.5, 150 mM NaCl plus 0.5% Nonidet P-40. Protein concentrations were determined by BCA assay (Pierce) and 1 mg of protein was precleared with 25 g of Protein-GSepharose (Pharmacia) and immunoprecipated with either 10 g of anti-HFE rabbit polyclonal antibody (CT1) (10), 50 g of FLAG (M2) mAb (Kodak), 5 g of TfR monoclonal antibody (Caltag, South San Francisco, CA) or 10 g of HLA-ABC antibody (Immunotech, Westbrook, ME). Precipitated proteins were separated on 4-20% Tris⅐glycine polyacrylamide gels (Novex, San Diego), electroblotted to polyvinylidene difluoride membranes (Novex) and biotinylated proteins were visualized with 2 g͞ml of streptavidin-horseradish peroxidase (Pierce) followed by enhanced chemiluminescence detection reagents (Amersham).
Immunoprecipitations and Western Blot Analysis. Cells were lysed in the same buffer as above and precipitations carried out with the same antibodies and concentrations except that no preclearing step was carried out. Precipitated proteins were separated and electroblotted to polyvinylidene difluoride membranes as previously described (10) . Gels were calibrated using prestained molecular weight standards (Novex).
Measurements of Cell-Associated Transferrin at SteadyState. Measurements of cell-associated transferrin were carried out essentially as described (16) with the following modifications. Cells were seeded at a density of 6 ϫ 10 5 per well in 6-well dishes coated with 0.01% fibronectin (Sigma) and grown overnight. Cells were washed once with 2 ml of DMEM-H21 (GIBCO) media supplemented with 1% fetal bovine serum and then incubated at either 37°C or on ice with varying concentrations of transferrin that include [ 125 I]-diferric transferrin (1 Ci͞g; 1 Ci ϭ 37 GBq) (NEN) as a tracer ( 1 ⁄30 of the final concentration) in a final volume of 750 l. To determine the amount of nonspecific transferrin binding, cells were simultaneously incubated under the same conditions but in the presence of 100ϫ the molar concentration of cold holo-transferrin (Sigma). After 20 min (37°C), the media was removed and counted in a Beckman 9600 scintillation counter. The cells were placed on ice and washed two times with media containing 1% fetal bovine serum, and then lysed with 1% SDS and counted. Specific cell-associated transferrin was calculated by subtracting the nonspecific cell-associated transferrin from the total. A second method was also used that utilized a constant amount of labeled transferrin (5 nM) and increasing amount of unlabeled transferrin to increase the total transferrin concentration. Identical results to those produced by the first method were obtained. Transferrin binding in HeLa cells at 4°C was measured exactly as cell-associated transferrin except that the incubations were carried out at 4°C instead of 37°C and for 90 min instead of 20 min.
HeLa cells were grown to 80-90% confluence at 37°C at 5% CO 2 . The cells were washed twice with PBS and detached from the plates using 4 mM EDTA͞PBS. The cells were counted and diluted to 5 ϫ 10 6 cells per ml in DMEM 1% fetal bovine serum (Gibco) and 5 ϫ 10 5 suspended cells were used for the TfR binding assay. Binding assays were all done in duplicate. Nonspecific binding was determined as for 293 cells. Soluble HFE was added to the cells for 10 min at room temperature prior to the addition of labeled transferrin where indicated.
Labeled transferrin (NEN) was added to the cells at concentrations ranging from 0.5-15 nM. The reaction volume was 500 L. Incubations were carried out for 20 min, for experiments performed at 37°C, or 90 min on ice for experiments performed at 4°C. At the end of the incubation the cells were pelleted at 3,000 rpm for 2 min. The supernatant was decanted and radioactivity counted. The cells were gently washed four times by resuspending the cells with 1 ml ice-cold DMEM 1% fetal bovine serum and repelleting at low centrifugal force. During the washing steps the cells were kept at 4°C. After the final wash, the cells were resuspended in PBS and bound radioactivity was counted. The amount of transferrin bound to the cells was calculated by dividing the cpm bound to the cells by the cpm counted in the supernatant, this ratio was converted to a molar value by multiplying by the amount of transferrin used in the experiment. The K cell association and the apparent K D were calculated from the negative slope of the line generated by Scatchard analysis or by analyzing the binding curves utilizing nonlinear regression; both methods yielded essentially the same results.
Expression and Purification of Secreted HFE. Secreted HFE was expressed in Chinese hamster ovary cells as follows: A 5Ј XhoI site, a stop codon after the codon corresponding to amino acid 298 (6) (residue 276 of the mature protein) and a 3Ј NotI site were inserted in the HFE gene by site-directed mutagenesis. After verifying the sequence, the modified HFE gene was subcloned into the expression vector PBJ5-GS that carries the glutamine synthetase gene (Lonza Biologics, Berkshire, U.K.) as a selectable marker and as a means of gene amplification in the presence of the drug methionine sulfoximine (17) . The HFE expression plasmid was cotransfected with a human ␤ 2 m expression vector (18) into Chinese hamster ovary K1 cells. Cell lines secreting HFE͞␤ 2 m heterodimers were identified by immunoprecipitation of supernatants of [ 35 S]-methionine metabolically labeled cells using an antibody against human ␤ 2 m (BBM.1) (19) . A protein of molecular mass of 43 kDa was coimmunoprecipitated with labeled ␤ 2 m from the supernatants, and was verified to be the truncated HFE polypeptide chain by N-terminal sequencing of the purified protein (yielding the sequences RLLRSHSLHYLF and IQRT-PKIQVYSR corresponding to the correctly processed mature forms of HFE and human ␤ 2 m; data not shown). Soluble HFE͞␤ 2 m heterodimers were purified on a BBM.1 immunoaffinity column, followed by separation of free ␤ 2 m from the heterodimers on a Superdex 75 HR 10͞30 fast protein liquid chromatography gel filtration column or by using an immunoaffinity column constructed with an HFE mAb raised against the purified heterodimer (J.A.L. and P.J.B., unpublished results).
RESULTS AND DISCUSSION
We initially utilized cell-surface labeling to detect potential HFE interacting proteins. Human embryonic kidney cells (293 cells), engineered to overexpress either wild-type or mutant forms of HFE, were treated with biotin-conjugated Nhydroxysuccinimide to label proteins expressed on the cellsurface. Subsequently, total cell lysates were immunoprecipitated with previously characterized antibodies directed toward the C-terminal peptide sequence of HFE or monoclonal antibodies against the FLAG epitope tag that had been engineered into the HFE protein (10) . Biotinylated proteins were detected with streptavidin-conjugated horseradish peroxidase. Lysates from parental 293 cells displayed little surface-labeling in accordance with previous results demonstrating undetectable levels of HFE protein in these cells ( Fig. 1 A  and B) (10) . In contrast, prominent bands at 49 and 100 kDa and the less intense bands at 12 and 200 kDa, were observed in immunoprecipitates from lysates of cells overexpressing the wild-type HFE; these bands were absent in immunoprecipi-
Proc. Natl. Acad. Sci. USA 95 (1998) tates from cells overexpressing the C282Y mutant form of HFE ( Fig. 1 A and B) . In previous studies it was demonstrated that the plasma membrane-bound form of HFE was 49 kDa in molecular mass and associated with ␤ 2 m, a 12-kDa protein (10, 11) . The presence of 49-and 12-kDa-labeled bands in HFEspecific immune-complexes from wild-type HFE expressing cells and their virtual absence in parental and C282Y mutant expressing cells is consistent with their identity as HFE and ␤ 2 m. The fact that only trace amounts of the 100-and 200-kDa proteins coimmunoprecipitated from lysates of the C282Y mutant expressing cells suggests a specific interaction of these proteins with the cell-surface form of HFE.
To further examine the specificity of the above protein interactions with HFE, we performed immunoprecipitations with antibodies that recognize the related HLA-A, B and C proteins. These antibodies detected proteins at Ϸ45 kDa and 12 kDa, the predicted molecular masses of the HLA heavy chain and ␤ 2 m, but failed to coimmunoprecipitate the 100-and 200-kDa bands (Fig. 1D) .
To identify the 100-and 200-kDa proteins that coimmunoprecipitated with HFE, we investigated proteins known to participate in iron homeostasis. Interestingly, the major carrier of transferrin-bound iron, the TfR is known to display a characteristic pattern of monomers and dimers migrating at Ϸ100 and 200 kDa in denaturing gel electrophoresis (13) (14) (15) . To determine whether HFE could associate with the TfR, we utilized TfR antibodies to immunoprecipitate surface-labeled proteins from the three cell lines. A prominent protein of molecular mass corresponding to the monomeric TfR and a smaller amount of one corresponding to the dimeric form of the TfR were seen in the parental 293 as well as the wild-type HFE overexpressing cells. The C282Y mutant protein expressing cell line had less of both, (Fig. 1C). [However, studies of cell-associated transferrin suggest that these cells had equivalent numbers of receptors (see Fig. 3, compare A and B) ]. Two proteins with masses corresponding to those of HFE and ␤ 2 m (49 kDa and 12 kDa, respectively) were observed in immunoprecipitates from the cells that overexpress wild-type HFE protein. By contrast, little or no HFE protein was seen in immunoprecipitates from parental 293 or C282Y mutant protein expressing cells.
The HFE͞TfR association results were corroborated by performing coimmunoprecipitation experiments on unlabeled total cell lysates. Immunoprecipitation with HFE antibodies followed by blotting and probing with antibodies to TfR demonstrated that the TfR was complexed with the wild-type form of HFE. In contrast, very little TfR was observed in the immunoprecipitates from the C282Y mutant cells (Fig. 2A) . Reprobing blots with the FLAG epitope antibodies to detect HFE demonstrated that equivalent amounts of HFE were being expressed and immunoprecipitated from each of the cell lines except the parental 293 cells, as expected (Fig. 2B) . Performing the inverse experiment, wherein cell lysates were first immunoprecipitated with TfR antibodies followed by blotting with HFE antibodies, revealed that HFE coimmunoprecipitated with the TfR from wild-type HFE expressing cells; only a trace band was observed with C282Y and none with the parental 293 cell line (Fig. 2C) . The absence of HFE in immunoprecipitates with TfR in parental 293 and near absence in the C282Y mutant cell lines was not due to failure to precipitate TfR; reprobing the blot with TfR antibodies demonstrated that TfR protein was precipitated from each of the cell lines, including C282Y (Fig. 2D) . To further control for the specificity of the HFE antibodies, we first immunoprecipitated cell lysates with FLAG epitope antibodies to specifically precipitate the HFE͞FLAG fusion proteins followed by blotting with TfR antibodies. As was observed in Fig. 2A , the TfR was coimmunoprecipitated from cells expressing the FLAGtagged wild-type HFE protein, but not from cells expressing the FLAG-tagged C282Y mutant HFE protein (Fig. 2E) . Experiments performed on an independent series of cell lines engineered to express wild-type and mutant HFE that lacked the FLAG epitope tag yielded identical results to those shown in Fig. 2 
when immunoprecipitations were carried out with HFE and TfR antibodies (data not shown).
In immunoprecipitation experiments on unlabeled cell lysates we included as a further control another mutant of HFE wherein His-63 was replaced by aspartate (H63D). As with wild-type HFE, the H63D protein is also expressed on the cell surface and associates with ␤ 2 m (10, 11). The association of HFE with the TfR as assessed by coimmunoprecipitation appeared unaffected by the H63D mutation (Fig. 2 A, C , and E). 3 A and B insets, which present data from two separate cell clones for each the wild-type and mutant HFE). When subjected to Scatchard analysis, the C282Y HFE mutant expressing clones showed a K cell association for transferrin of Ϸ12 and 14 nM (Fig. 3A) . A similar K cell association for transferrin was found in parental 293 cells (19 nM) (data not shown). By contrast, the K cell association for transferrin in the wild-type HFE expressing clones, appeared to be increased 3-and 15-fold to K cell association values of 40 and 180 nM, respectively.
In contrast to the effect of wild-type HFE on K cell association for transferrin, the H63D mutation, while retaining the ability to interact with the TfR (Figs. 1 and 2 ), did not appear to increase the K cell association for transferrin. Two clonal lines expressing the H63D mutant protein had apparent K cell association for transferrin of Ϸ12 and 20 nM (Fig. 3C) . These values are nearly identical to those obtained with the cell lines expressing the C282Y mutant in which the HFE protein was absent from the cell surface (K cell association ϭ 12 and 14 nM). The total amount of cell-associated transferrin in cell lines expressing the H63D mutant (1. 8 ϫ 10 Ϫ10 M) was 2 to 3-fold lower when compared with the C282Y expressing cells (4-6 ϫ 10 Ϫ10 M) (Fig. 3 A and  C) . This may reflect clonal variation or may reflect an altered TfR trafficking. Regardless, these data suggest that one functional consequence of the H63D mutation appears to be the loss of the ability of the HFE protein to increase the K cell association for transferrin. In lacking this property of the wild-type HFE protein, HFE with the H63D mutation functionally resembles the C282Y mutation.
As an alternative method to assess the effect of HFE on the K cell association for transferrin, we added a soluble form of HFE͞␤ 2 m heterodimers to the culture medium of parental 293 cells. The addition of the HFE͞␤ 2 m heterodimers at 37°C reduced cell-associated transferrin in a concentrationdependent manner with maximal inhibition at 2 M heterodimer (Fig. 3D) (Fig. 4A) . In the presence of either 150 nM or 1 M soluble HFE͞␤ 2 m heterodimers, the apparent K cell association increased to 11 nM or 50 nM, respectively (Fig. 4A ). An apparent K i for inhibition of cell-associated transferrin for the soluble HFE͞␤ 2 m heterodimers was calculated to be 39 nM (Fig. 4B) . To determine whether the increase in the K cell association for transferrin was specific for the HFE protein, we added to the assay a classical MHC class I protein, a purified soluble form of HLA-B27, complexed with ␤ 2 m (23). Addition of 100 nM HLA-B27 had no effect on the K cell association of transferrin binding to the TfR (Fig. 4A) , demonstrating that the inhibitory effect of the HFE͞␤ 2 m heterodimers was specific to HFE, and was not attributable solely to the presence of excess amounts of MHC class I molecules in the assay.
The transferrin binding studies were repeated at 4°C where internalization of ligand is negligible, to determine whether the observed effects of the soluble HFE͞␤ 2 m heterodimers were due to changes in the K D of the TfR for transferrin (24) (25) (26) . We utilized HeLa cells for these studies because of the high nonspecific transferrin binding in 293 cells observed at 4°C. Scatchard analysis of the binding data revealed that in the absence of HFE, the TfR bound transferrin with an apparent K D of 5 nM, which was similar to the K cell association of 4.2 nM observed at 37°C (Fig. 4C) (1998) creased to 12 and 75 nM, respectively, indicating that the principal effect of added HFE͞␤ 2 m heterodimers is to reduce the affinity of the TfR for transferrin. Further, as was the case for K cell association at 37°C, addition of 100 nM soluble HLA-B27͞␤ 2 m heterodimers to the assay had no effect on transferrin binding at 4°C, supporting the specificity of the inhibition by HFE (data not shown). These experiments demonstrate that wild-type HFE can lower the affinity of TfR for transferrin. The primary defects in hereditary hemochromatosis appear to be both increased iron absorption in the small intestine and increased iron deposition in major organs (4, 5) . We have demonstrated here that HFE forms a stable complex with the TfR and decreases the affinity of transferrin binding. The C282Y mutation largely eliminates this interaction. We have also shown that the second missense mutation associated with hemochromatosis, H63D, appears to have a similar functional consequence in that it alters the ability of HFE to increase the K cell association for transferrin. The loss of HFE-repressor function for transferrin uptake could result in increased cellular uptake of iron by some tissues, and contribute to iron deposition in HH. How these mutations lead to increased iron absorption in the intestine is unclear. Recent immunohistochemical studies have localized HFE to the intracellular portion of the cells in the deep crypts of the duodenum (27) , the same region where previous studies have localized the TfR (28, 29) . The role of the TfR in the cells of the deep crypts has long been thought to be limited to servicing the proliferative needs of these cells. In light of the association of HFE and the TfR, one must now reconsider the role of transferrin and its receptor in regulating intestinal iron absorption. Regardless of the actual mechanism, the observations described here provide a molecular link between HFE and iron metabolism and raise the possibility that perturbation of the transferrin͞TfR system of iron transport is a previously unrecognized component of HH disease. Furthermore, these results demonstrated that by administering HFE protein in situ, the amount of transferrin taken up by cells can be attenuated. Possibly the HFE͞TfR interaction provides a new target for therapeutic agents aimed at influencing iron absorption and/or tissue distribution in iron overload disorders.
